These days on earth we are photochemically reasonably well shielded. The far UV radiation is filtered by the ozone and other components of the atmosphere. In the ionosphere and beyond there is much challenging chemistry induced by such higher-energy photons. The shielding by the atmosphere also makes demands on such experiments in the laboratory. There is, however, recent interest largely driven by technology that makes higher resolution possible. The experimental technology is advanced light sources that offer far higher intensities, sharper wavelength definition or, complementarily, short-duration pulses. The two alternatives make a whole because of the quantum mechanical time-energy uncertainty principle that makes short pulses necessarily broad in energy. The new light sources also enable pump and probe experiments, where a second light beam is used to monitor the processes induced by the pump (1, 2). One can safely foresee that in the near future three and even four light beams will be used in confluence (3). The other technology that played a key role is the breakthrough improvement of the available theoretical tools. The highly excited dense set of electronic states takes full advantage of the spectacular improvements in quantum chemical methodologies. At the same time, quantum dynamics has come of age, being able to treat the correlated motions of electrons and nuclei. This is essential because it is a characteristic of these highly excited states that small changes in the positions of the atoms can bring about qualitative changes in the electronic states. The result is that such highly excited states are typically strongly coupled to other states. Often, this leads to so-called conical intersections (4, 5). The progress in theory has been stimulated by the increasing sophistication of the experiments. In turn, theory has challenged the laboratory with new concepts and new issues.
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It is not only space and astrochemistry that provide the challenges of dynamics of highly excited states often driven by extreme conditions. Progress in propellants and explosives and other energetic compounds (6, 7) is also aided by the recent developments. An explosion is, necessarily, a bulk event, so a single-molecule point of view is not the only germane aspect. Nor are lasers the typical firearm primers. But the insights on the very sudden release of significant amounts of kinetic energy are both valuable and interesting in their own right.
A forceful illustration of the benefits of the synergy of experiment and theory in understanding the detailed electronic and nuclear dynamics in highly excited states is provided by the very recent work reported by Peters et al. (8) . Methyl azide is pumped by an 8-eV vacuum UV (VUV) pulse of 10-fs duration and probed by a second 1.6-eV infrared (IR) pulse that ionizes the molecule. The experiment as seen through the eyes of a theorist is shown in Fig. 1 . The pump pulse prepares a single excited electronic state, labeled as S8, that theory shows has a mixed valence and Rydberg character. It is unusual that a single excited state is accessed at such a high energy. The high-level computations reported by Peters et al. are quite clear that the S8 state is relatively isolated and we will return to this point. The IR pulse ionizes the excited state through a two-photon absorption and the ions and electrons are detected in coincidence on a few femtosecond time scale, which provides a direct probe of the ultrafast correlated electron-nuclear dynamics in the high excited-state manifold of the neutral. Initially, two electronically excited states of the cation are detected. But as the C-N = N bond opens up, theory shows that the electronic energy of S8 goes down, the bend vibrational motion is excited, and only the ground state of the cation can be detected. The experiment clearly shows that the ionization turns by about 25 fs after excitation. Theory suggests that the quenching of the ionization is direct evidence of the nonadiabatic interaction of the S8 state with an optically dark S4 state, and that this occurs on a rather fast time scale. The S4 state is a valence-excited state that has no allowed ionization to the ground state of the cation. It is dark to the IR probe because its electronic energy is too low. The CNN bending motion brings the S8 state to the neighborhood of the S4 state by about 10 fs.
Very recent evidence (9) is that a similarly short time scale to reach the first conical intersection is observed in the benzene cation. The experiment detects charged products. By keeping the count rate rather low, electrons and cations can be measured in coincidence. The count vs. time is shown in Fig. 1 . Such time-resolved photoelectron spectra have been used before, but mostly at lower excitation energies. Applications to valence electron dynamics and to conical intersections were reported recently (10) (11) (12) . The parent ion signal decays with a time-decay constant of about 20 fs, while the primary daughter ion (HCNH + ) signal rises with the same time constant.
The reported theoretical simulations were carried out at several levels. The highest, coupled clusters, were used to identify the optically absorbing state as a single, relatively isolated state, the eighth in succession of singlets, hence S8. This electronic state is a superposition of two Rydberg states, each one correlating to a different state of the cation. It is the superposition that allows the probe IR transitions to the two states of the cation, as illustrated in Fig. 1 . Theory shows that the S8 state is diabatically coupled to the S6 and S4 states, both of which are also a Rydberg-valence mix. (It is customary to characterize the coupling as "nonadiabatic," but strictly speaking "adiabatic" means not diabatic and a theorist is expected to be careful with words.) There was no experimental evidence that the S6 state is populated by the pump to any measurable extent. A key point of the theory is that the correlated electron-nuclear motion subsequent to the excitation was fully described as correlated. This means that each electronic state was assigned its own wavepacket. The overall amplitudes of these separate wavepackets were changed on the fly, as indicated by the dynamics (13, 14) . The dynamics shows that the motion out of the Franck-Condon regime on S8 to the conical intersection with S4 takes about a quarter bend of the CNN angle, or about 10 fs.
For lower excited states, there were earlier indications of the fast time scale for the relaxation of the optically excited state. Indeed, it is implied by Kasha's rule that higher accessed states will relax to the lowest singlet excited states faster than the time scale for fluorescence. More recent indirect evidence is based on the physical assumption that ionization is electronically resonant, meaning FranckCondon. Then, ionization occurs when the molecular configuration has adjusted such that the electronic gap equals the energy of the photon. In a series of molecules, it was then observed (15, 16) that the motion out of the Franck-Condon region of the initially excited state and into a dark state occurs rather rapidly, often in below 50 fs.
The results can be described in each temporal stage with a well defined, simplified, dynamical characterization. The early time dynamics of pumped methyl azide can be described in terms of motion of nuclei along a potential energy, because the pump pulse duration, 10 fs, is relatively long. This means that its span in frequency, about 0.4 eV, is smaller than the spacings of the accessible excited electronic state in the 8-eV energy range. Thereby, only one excited electronic state is accessed. In such a case, a Born-Oppenheimer separation is valid at least immediately past excitation. A description in terms of a single potential energy surface is then realistic. Using a shorter pulse, what is today becoming possible, provides a wider span in frequency; with such a pulse, two or more distinct electronic states can be reached. Such an excited initial state can be technically described as a coherent superposition of stationary electronic states, otherwise known as an electronic wavepacket. The development of shorter pulses opens for exploration a new regime in dynamics. The previous analogous development is the introduction of femtosecond pulses with frequency spans wider than a vibrational spacing. These allow pumping of coherent superpositions of vibrational states, states that are localized in space. As such states evolve in time, the geometry of the system changes. Therefore, such evolution corresponds to our intuitive idea of a molecular view of a chemical reaction.
In the hands of Ahmed Zewail (17, 18) and others, pumping with femtosecond lasers allowed monitoring the unfolding of a chemical rearrangement in time. The new, sub-10-fs lasers allow monitoring the electronic rearrangements that take place during a chemical event. On such a short time scale, the nuclei barely have time to move. So the early time dynamics is purely electronic. In the Born-Oppenheimer approximation, at a given geometry the electrons are in a stationary state. This state can change, a so called nonadiabatic transition, but this can happen only when the nuclei move. In the sub-10-fs early time dynamics, the electrons are not stationary. The electrons can perform quite complex motions. This is often the case because the higherenergy excited states are typically superpositions of states of different bonding character, for example Rydberg states and valence states. Or, as in Remacle and Levine (19) , the superposition is of states that are Fig. 1 . The early time dynamics in the high-energy states of methyl azide. It is an ID plot vs. time. The very short, 10-fs VUV laser pulse accesses a single, relatively isolated highly excited singlet state, the eighth in order of increasing energy. The electronic density of the state is shown. The molecule responds by opening the CNN bond angle or it is ionized to one of two energetically allowed states of the cation, but an intense IR probe pulse. The ions and electrons are detected in coincidence. By about 20 fs, the S8 state approaches a conical intersection with an S4 state, a state that, due to selection rules, cannot be ionized. The quenching of the charged products sets the time scale for the S8 state to cross the conical intersection to the S4 state.
localized at other ends of a small peptide. As this superposition evolves, the charge moves from one end of the peptide to the other. What it takes to access such a superposition is a fast enough perturbation of the electronic states, typically excitation or ionization by a sub-10-fs laser: fast enough, meaning that the energy span allows accessing two or more states. In the simpler cases, when only two electronic states are superposed, one has an electronic version of the Schroedinger cat. The system is neither in one definite electronic state nor in the other; it is (coherently) in both states. A particular state will be selected when a reaction or dissipation occurs. Such decoherence is typically driven by the motion of the nuclei. As Born and Oppenheimer first observed, it takes time for the heavy nuclei to notice that the light electrons are up to something. So there is some short delay before the nuclei respond to an abrupt onset of electronic disequilibrium. What happens next must be analyzed within a framework that takes proper account of the correlations between electronic and nuclear motions. Otherwise one can identify a decoherence that is due to approximate dynamics rather than the correct physics. When proper care is taken, the coherence is often maintained for many vibrational periods. This is so even in a condensed medium, which is not fully unexpected because it takes time for a solvent to respond to changes in an embedded system.
Can there be applications in physics that take advantage of the high fields and short times? For example, coherent transfer between molecules might in the future allow ultrafast information transmission on a massive scale. The molecules can be randomly arranged or in an ordered array. Indeed, understanding 2D layers (e.g., grapheme) is fast becoming a very active field of research.
Photochemistry is originally about driving chemical reactions that are not possible by thermal means. But current sub-10-fs pulses provide too few photons to make preparative chemistry of interest. In part, this is because delivering many photons in a short time will make the power of the pump so high that molecules will be extensively ionized. Still, can one conceive of a new chemistry that can be made possible using initial states that are electronically not stationary? A simple approach that is very useful, except that it does not always work, is to learn from reaction dynamics. Toward understanding reactivity, we begin by diagonalizing the electronic Hamiltonian so as to generate the possible potential energy surfaces on which the atoms will move. Here, too, we can diagonalize the electronic Hamiltonian, but together with the interaction of the electrons with the electric field of the laser. Such potential energy surfaces will undulate with time and may bring down static barriers, thereby allowing new modes of laser-dressed reactivity. When the electric field varies slowly enough, such an adiabatic approach is realistic. We have seen it working, for example, in C60 excited by an IR pulse where a collective motion of electrons responds to the laser. In molecules with a less-regular level structure and for higher carrier frequencies, the electrons will not quite track the laser field so that the dynamics are not adiabatic (20, 21) . At the higher energies that we deal with, it is typical for more than one product channel to be open. In such reactions it is to be expected that one can control the branching ratios. The polarization of the pulse is an obvious parameter. But also the orientation of the electric field matters because the transition is most driven at the peak of the field and at the peak the field can be parallel or antiparallel to the molecular transition dipole. An electronic transition dipole is the distance that charge moves upon the electronic excitation. One can therefore send the charge in a molecule toward different directions.
Will we be able to control electrophilicity of reagents? An organic chemist will welcome such a tool. The electric field can also align the molecule and thereby affect steric requirements of reactions involving this molecule. One day we may generalize proton-coupled electron transfer to processes where even heavier nuclei are made to move. At the higher energies there are many conical intersections. Can we learn from Peters et al. (8) and guide the molecule to those intersections that are of primary interest?
